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Abstract

A biogeochemical model has been developed that explains the inverse and non-linear
relationship between Po-210 concentration in zooplankton and their biomass, under oligotrophic
conditions in French Polynesia. This study identified other elements with comparable accumulatory
behaviours to Po-210 in phytoplankton, seston and zooplankton, that are proposed to be critical to its
enhanced environmental levels under oligotrophy. Field investigation in the Gulf of Papua showed
that four of these a priori identified elements viz Cd, Co, Pb and Mn, as well as Cr and Ni, showed
elevated water concentrations with reduced biological productivity, results that are consistent with
those previously obtained for Po-210 and the proposed explanatory model. These findings point to
the enhanced susceptibility of oligotrophic systems to comtamination from particle-reactive elements.

1. INTRODUCTION

Previous studies have reported on elevated Po-210 levels in zooplankton from the
oligotrophic marine systems of French Polynesia, although paradoxically the region is remote from
continental sources of Po-210's progenitor, Rn-222. Zooplankton Po-210 concentrations were also
shown to be inversely and non-linearly related to zooplankton biomass [1,2]. These results indicated
the enhancing effect of oligotrophy on the bioaccumulation in zooplankton of Po-210, the most
significant radionuclide with respect to radiological dose to humans from their consumption of
seafoods [3, 4]. A biogeochemical model developed a priori to explain this phenomenon focussed on
the ability of zooplankton faecal pellets to remove particle-reactive Po-210 [5, 6] from the euphotic
zone, at a rate that is dependent on zooplankton biomass. This model both simulated the inverse and
non-linear shape of the empirical relationship between Po-210 concentration in zooplankton and their
biomass, and also predicted Po-210 concentrations in zooplankton that were similar to the measured
values [2]. In this study we investigated the proposed biogeochemical effect of oligotrophy on the
enhancement of other elements in the marine euphotic zone.

2. MATERIALS AND METHODS

Two approaches were used to further study this effect of oligotrophy and our interpretation of
it, as described above, viz :
i) identification of those attributes of the proposed biogeochemical model that are

most important to an explanation of the enhancing effect of oligotrophy, (as reflected in
reduced zooplankton biomass), on their Po-210 concentrations. These attributes of Po-210 are
compared with those in a range of elements [7] to determine a) the relative uniqueness of Po-
210 and b) other elements most likely to be enhanced in their water concentrations under
oligotrophy, and consequently accumulated to greater degree by zooplankton; and

ii) an empirical investigation of the water concentrations of six trace metals (Cd, Co, Cr, Ni, Pb
and Mn) as a function of biological productivity in the Gulf of Papua.
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3. RESULTS

3.1 Model structure

In Fig. 1 is shown a diagram and brief summary explanation of the conceptual model
developed to explain the inverse relationship between Po-210 concentrations in zooplankton and their
biomass in the oligotrophic French Polynesian waters, as detailed in Jeffree et al.[2]. By the
following chain of causation a reduction in the biomass of zooplankton can lead to increases in their
Po-210 concentration: reduced zooplankton biomass —> reduced rate of faecal pellet production —>
reduced rate of Po-210 removal from the euphotic zone —> enhanced Po-210 concentrations in the
water of the euphotic zone —> enhanced Po-210 concentrations in enviromental compartments,
including zooplankton.
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FIG. 1. (a) Po-210 input to the euphotic zone results from Rn-222 emanating from the continental regions, its
subsequent decay to Pb-210 which enters the sea surface and decays to produce Po-210, (b) Po-210 is removed
from the euphotic zone predominantly through its association with phytoplankton and seston and subsequent
incorporation into the faecal excreta of zooplankton, that rapidly depart the euphotic zone, (c) phytoplankton
and seston reflect Po-210 (dissolved) concentration in water. The main uptake route of Po-210 by zooplankton
will probably be via ingestion of these micro-particles, but can also occur through direct uptake from water.
The steady-state Po-210 concentration in the euphotic zone therefore indirectly determines the stable-state Po-
210 level in its ambient zooplankton, according to its concentration factor [7].

Element-specific aspects of the model are i) concentration factors (CFs) for Po-210 in
phytoplankton and zooplankton, ii) its Kd for seston, and iii) its continual input to the euphotic zone.
Moreover it shows general unidirectional movement through the euphotic zone in the thermally
stratified water column typical of marine oligotrophic systems [8].
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From the model structure it follows that; i) a higher CF for an element in faecal pellets would
lead to its enhanced rate of removal from the euphotic zone; therefore reduced zooplankton density
would lead to its enhanced steady state water concentration in the euphotic zone, ii) the combination
of high CFs of an element in all three- phytoplankton, seston and zooplankton- would enhance the
effect of oligotrophy on element concentrations in water and zooplankton. Also an element's
concentration in faecal pellets is related to its CF in phytoplankton and seston Kd, of which the faecal
pellets are composed.

To determine the degree to which Po-210 is concentrated, relative to other elements,
percentage distributions for 59 elements were generated for their CFs [Iogl0(n+1)] in zooplankton
and phytoplanton, and Kd (pelagic) [Iogl0(n+1)] for seston. Table 1 shows a correlation matrix for
these three sets of values, with positive and highly significant (P<0.001) relationships between each
of them. These results indicate the similarity in the accumulatory behaviour between phytoplankton,
zooplankton and seston among these elements, that is not restricted to only Po-210.

TABLE I. CORRELATION MATRIX OF CONCENTRATION FACTORS (CFs)+ IN
PHYTOPLANKTON AND ZOOPLANKTON AND SESTON Kds (PELAGIC) VALUES+,
BASED ON 59 ELEMENTS*.

Phytoplankton Zooplankton
Kds 0.75 0.67
Phytoplankton - 0.86
+ [Iogl0(n+10], * using IAEA recommended values [7].

The following selection strategy was used to identify elements similar to Po-210. Those
elements that fell within the range extending from one order of magnitude less in concentration (CF
and Kd) than the recommended value for Po-210 [7] and all those above, were selected. The
following percentages of elements were found for each group: zooplankton-27%; phytoplankton-
56%; and seston-20%. Among these elements, those that also occur in all three (underlined), or 2 out
of three of phytoplankton, seston and zooplankton were: Sc, Mn, C, Fe, Co, Zn, Se, Zr, Ru, Ag, Cd,
Sn, Ce, Eu, Gd, Dy, Ir, Hg, Pb, Ac, Th, Am, Cm, Bk, and Cf. According to the proposed model these
elements would be more likely to show enhanced environmental concentrations with declining
productivity, under general oligotrophic conditions.

3.2 Empirical study

Among several particle-reactive trace elements measured in the oligotrophic region of the
Gulf of Papua [9] Cd, Co, Mn and Pb would be expected to show the enhancing effect of oligotrophy
on their water concentration, according to our model, for the following reasons; i) their relatively
constant input rate to the euphotic zone [10], ii) all have established physiological uptake
mechanisms and/or are associated with biogenic particles in the water column [11, 12], and iii)
similar Cf and Kds values to those for Po-210, as identified according to the selection strategy
outlined above [7].

In Fig.2a dissolved water concentration for Cd, Co and Mn are plotted as a function of the
particle removal rate T, deduced from Th-234/U-234 activity ratios, a surrogate measure of
biological productivity [13, 14]. The inverse and non-linear relationship is evident, and similar to that
previously shown for Po-210 [2]. Fig. 2b shows the water concentrations of three other trace elements
(Cr, Ni, Pb), also plotted against the particle removal rate. In the case of these latter elements,
although an increase in water column concentrations is associated with reduced particle removal
rates, or biological activity, the effect of oligotrophy is not as non-linear.
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FIG. 2 Concentration vs. particle removal rate

4. DISCUSSION

This study identified a set of elements that have accumulatory capacities in phytoplankton,
seston and zooplankton that are comparable to those of Po-210, based on a consensual collection of
empirically-based data [7]. This set represented a relatively high percentage (>40%) of all the
elements (59-60) that were investigated. According to the proposed biogeochemical model (Fig. 1)
such elements are predicted to show enhanced concentrations in the water and resident zooplankton
with declining productivity, within generally oligotrophic marine environments. Empirical evaluation
of a subset of the element set, undertaken with water concentrations of Cd, Co, Cr, Mn, Ni and Pb
measured in oligotrophic environments that varied over an order of magnitude in their biological
productivity, showed elevated levels as biological productivity declined (Fig. 2). The degree of non-
linearity observed in the relationships between biological activity and the dissolved water column
concentrations of three of these elements (Cd, Co, Mn) were very similar to that displayed by Po-210
[2]. Increased water column concentrations of the elements Cr, Ni and Pb were also observed under
oligotrophic conditions, however a lesser degree of conformity was evident with the empirical results
for Po-210 and associated mathematical model [2]. The difference between the observed behaviour of
these two groups of elements may be due to physiological uptake and biological removal of Cd, Co
and Mn, as well as physico-chemically induced association with settling particles. These results are
therefore consistent with the proposed biogeochemical model and the predictions derived from it.
Moreover, the results for those two elements that were not included in the initial study set (Cr and Ni)
also showed a pattern of enhanced water concentration with declining productivity, suggesting that
the selection strategy employed for elements comparable to Po-210 may have been too rigorous.

With regard to the specific mechanism(s) underpinning the inverse relationship between Po-
210 in zooplankton and their biomass, a model, including an equation form with a first-order loss
exponent, was used to represent loss of Po-210 from the euphotic zone, at a rate that is dependent on
zooplankton biomass and its associated faecal pellet production rate. This equation simulated the
inverse empirical relationship, that is comparable to those seen in this study (Fig. 2) for other
elemental water concentrations as a function of biological productivity. The shape of the modelled
relationship was simply an outcome of the mathematical behaviour of the equation form, that was
chosen a priori to represent the underlying biogeochemical process [2]. Site-specific empirical
parameter values were not available for fitting to the model, however the most appropriate available
values did generate values within a factor of 5 of closer to the empirical Po-210 concentrations in
zooplankton. Such a result is generally supportive of the model. However, given the eclectic nature of
the empirical parameter values used, such results cannot preclude the operation of another
mechanism such as the regeneration of trace elements [11] that is enhanced with increasing
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oligotrophy [15]. But such an exclusive interpretation based on regeneration would require its
operation in an exponential fashion for Po-210 and other elements, with declining productivity in
oligotrophic environments.

These results are also relevant to the following environmental issues;
• oligotrophic marine systems, that represent about 50% of the world's oceans [16] are likely to be

more susceptible to contamination by particle-reactive elements, compared to more productive
systems, and

• the geographical extent and intensity of greenhouse-related oligotrophy may be increased in the
future due to elevations in surface water temperatures and enhanced thermal stratification of the
water column.
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